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Description
FIELD OF THE INVENTION

[0001] The presentinventionrelates generally to digital
image projection and more particularly to a coherent light
projection system providing speckle compensation.

BACKGROUND OF THE INVENTION

[0002] Conventional projectionlenses used for project-
ing an image onto a display surface are designed with
relatively fast optics. This is particularly true for cinema
projection, where traditional film projection lenses may
be as fast as ~ /1.8, and in the emerging technology of
digital cinema, lenses are often ~ f/2.5. These low f/#
values and correspondingly high angular light are due,
in large part, to the large etendue light sources that are
used, such as various types of very bright arc lamps and
similar light sources, along with the desire to utilize as
much of this light as possible.

[0003] In the case of digital cinema projection, the im-
age content is provided via pixelated spatial light modu-
lators, such as LCD and LCOS modulators, Digital Mi-
cromirror Devices (DMDs), and in particular, the DLP
(Digital Light Processor) from Texas Instruments, Inc.,
Dallas, TX. Individual pixels of these electronic light mod-
ulation devices are modulated on a pixel-addressed ba-
sis to impart image data to a transiting light beam. To
enable cinema projection, large versions of the devices,
with active areas of ~400-600 mm? are used, to be com-
patible and light efficient when used with the large-eten-
due xenon lamp light sources used for cinema projection.
However, we have determined that these large-etendue
light sources impact the projector design in various dis-
advantageous ways, including size and cost of the optical
components, thermal load and stress on these compo-
nents, and the optical imaging performance and image
quality provided by the optics. For example, the highly
angular light incident transiting the spatial light modulator
device, and its associated polarization optics, unfavora-
bly impact the projected image quality, with peak contrast
and contrast uniformity deficiencies.

[0004] In greater detail, the illumination and projection
subsystems of digital projection systems are typically
more complex than their equivalents in traditional film-
based systems. In particular, in the digital systems, the
projection lens systems are often burdened with different
and additional requirements compared to the conven-
tional projection optics. As one example, the projection
lenses for the digital systems are typically required to
provide a long back focal length or working distance, that
is, the distance between the last lens surface and the
spatial light modulator. Working distances in excess of 2
times the lens focal length are needed in most cases, in
order to accommodate a number of optical components
used to combine modulated light from the different color
paths onto a common optical axis and, depending on the
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type of spatial light modulator used, to provide polariza-
tion, filtering, and other conditioning and guiding of the
light. Taken together, the long back focal length and
speed requirements (low F#) combine to drive complex
lens designs using large elements, as can be well appre-
ciated by those skilled in the optical design arts. As a
result, projection lenses used for large venue or digital
cinema projection systems are quite expensive, particu-
larly when compared to conventional projection lenses,
such as those used in film-based projectors.

[0005] As one attempt to reduce this magnitude of this
problem, a system, as described in commonly assigned
U.S. PatentNo. 6,808,269 entitled "Projection Apparatus
Using Spatial Light Modulator" to Cobb, uses imaging
relay lenses. Each modulator is imaged by a relay lens
to create a real aerial magnified intermediate image near
the exit face of a combiner prism. The large numerical
aperture (NA) at the modulator plane is reduced, for ex-
ample by two times, increasing the F# by a corresponding
two times. The three-color images are combined through
a prism, and then imaged by a common projection lens
to the screen. Although the overall system, with the three
imaging relays, is increased in complexity, that increased
complexity and cost is more than compensated for by
the simplicity of the projection lens, which works at a larg-
er F#, without the working distance requirements.
[0006] As another approach, the use of visible lasers,
having an advantageously small etendue as compared
with conventional light sources, offers an opportunity to
provide simplified system optics, for example, by ena-
bling projection lenses having similar levels of modest
complexity as do the lenses used for film-based projec-
tion. In recent years, visible laser light sources have im-
proved in cost, complexity, and performance, thereby be-
coming more viable for use in projection, including for
cinema. Lasers may provide a range of advantages for
image projection, including an expanded color gamut,
but their small etendue is particularly advantageous for
digital systems based on LCDs, DLP, and other types of
light modulators, smaller, slower, and cheaper lens ele-
ments, with values in the f/8 range or slower may be used,
while still providing light of sufficient visible flux for the
cinema application, as well as other projection applica-
tions. It is noted that lasers also enable other modulator
types to be used for projection, such as the Grating Elec-
tromechanical (GEMS) modulators, which are linear ar-
ray devices that utilize diffraction to generate the image
data, and which require a small etendue.

[0007] Lasers provide many potential substantial ad-
vantages for projection systems, including a greatly ex-
panded color gamut, potentially long life sources, and
simplified optical designs. However, lasers also intro-
duce speckle, which occurs as result of the coherent in-
terference of localized reflections from the scattering sur-
face of the display screen. Speckle is a high contrast
granular noise source that significantly degrades image
quality. It is known in the imaging arts that speckle can
be reduced in a number of ways, such as by superim-
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posing a number of uncorrelated speckle patterns, or us-
ing variations in frequency or polarization. Many of these
methods are disclosed in "Speckle Phenomenain Optics:
Theory and Applications" by Joseph W. Goodman. As
one example of a speckle reduction method pertaining
to projection, the display screen is rapidly moved with
oscillating motion, generally following a small circle or
ellipse about the optical axis. As the screen moves,
speckle changes, as localized interactions of the laser
light with scattering features are altered by the screen
motion. When this oscillating motion is sufficiently fast,
speckle visibility is reduced by temporal and spatial av-
eraging, and speckle can become imperceptible to the
viewers. Yet another strategy for speckle reduction is to
place an optical diffuser at an intermediate image plane
internal to the projector, and prior to the projection lens.
Oscillation of the diffuser then has the effect of reducing
viewer perception of speckle.

[0008] A variety of optical diffusers have been used for
laser projection speckle reduction, including ground
glass, volume, holographic, and lenslet based devices.
As one example, in the apparatus disclosed in U.S. Pat-
ent No. 6,747,781 entitled "Method, Apparatus, and Dif-
fuser for Reducing Laser Speckle" to Trisnadi, which us-
es a diffuser patterned as a Hadamard matrix, in con-
junction with a diffractive linear array modulator (GLV) to
provide temporal phase variation to an intermediate im-
age of a scanned line of modulated light. This diffuser is
constructed of an array of diffusing phase cells, each of
which is subdivided into N cell partitions, whose pattern
is determined by the Hadamard matrix calculations. An
exemplary cell can be 24 pm square and comprise N=64
cell partitions that are 3 wm square. The cell partitions
either are an area of the base surface, or araised, mesa-
like area, pi (n) high. If the temporal phase variation pro-
vide by the diffuser motion and the cell patterning are
appropriate, phase variations in the transiting laser
beams are decorrelated, enabling speckle reduction.
Specially designed projection and scanning optics are
then required in order to project each conditioned line of
lightonto the display screen. Typically, the projectionlens
used for such a line-scanned device has an f/# of 2.5.
While Trisnadi provides effective reduction of projected
speckle, speckle reduction is only one aspect of the de-
sign of a laser projection system. Speckle reduction pro-
vided by a moving diffuser located at an internal interme-
diate image plane, that is then imaged to a screen, intro-
duces various further problems, including a reduction im-
age quality (resolution or MTF), light loss from diffusion
(scatter or diffraction), and a requirement for faster im-
aging optics to collect diffused light.

[0009] U.S. Patent Application Publication
2006/0033009 discloses a display with reduced speckle
noise. The display comprises a coherent light source, a
scanning device, a first optical system forming interme-
diate image, and a second optical forming an image on
a display surface. An optical element located between
the first and second optical system widens the diver-
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gence angle of the light.

[0010] U.S. Patent Application Publication
2009/0040467 discloses a projector including a light
source, animage forming unit, and a projection unit which
projects the image on a surface. The projection unit has
a light diffusing member disposed at an intermediate im-
age position.

[0011] EP 2048537 discloses an optical system having
alaser light source and a microlens array having reduced
speckle artifacts.

[0012] U.S. Patent Application Publication
2009/0021801 discloses a scanner which scans a coher-
ent light beam from a light source, a generator which
divides the coherent light into a plurality of light beams,
and an optical system which collects and superposes the
plurality of light beams.

[0013] EP 2194722 discloses a projection device com-
prising an intermediate imaging optics, an image diffus-
ing element and a projection lens. The image diffusing
element comprises a microstructure regularly distributed
within a surface plane of the image diffusing element.
[0014] JP 2008134269 discloses an image projector
including a two-dimensional spatial modulation element,
a projection optical system, and a light diffusion element
installed in a diverged light optical path and rocked in a
direction parallel with a light propagation direction.
[0015] EP 1292134 discloses a display apparatus in-
cluding a laser light source, a beam expander and spatial
light modulator. A moving diffuser is located between the
laser light source and the spatial light modulator.
[0016] Although many speckle reduction techniques,
such as these, exist, there is a continuing need in the art
for improved techniques that reduce speckle perception
for projected images, while also enabling advantaged de-
signs and system performance from laser projection sys-
tems.

SUMMARY

[0017] The above-described problems are addressed
and a technical solution is achieved in the art by a system
and a method for coherent light projection as defined by
claims 1 and 9. Possible additional features appear in
dependent claims.

[0018] In embodiments illustrating background art, a
coherent light source system emits coherent light. Anim-
age forming system interacts with the coherent light in a
manner consistent with image data. Arelay system forms
an intermediate image at an intermediate image plane
from coherent light output from the image forming sys-
tem. The intermediate image is an aerial real image. A
speckle reduction element is located at or substantially
atthe intermediate image plane. A movement generating
system moves the speckle reduction element, and a pro-
jection subsystem projects the intermediate image, as
transferred or passed through the speckle reduction el-
ement.

[0019] In some embodiments illustrating background



5 EP 2 433 175 B1 6

art, the relay system has a first f-number, and the pro-
jection subsystem has a second f-number less than the
first f-number. In some of these embodiments, the sec-
ond f-number is at least half the first f-number. For ex-
ample, the first -number can be f/6 or greater, and the
second f-number can be /3 or smaller.

[0020] In some embodiments illustrating background
art, the relay system has a first working distance, and the
projection subsystem has a second working distance less
than the first working distance. In some of these embod-
iments, the second working distance is at least half the
first working distance. For example, the first working dis-
tance can be 100mm or greater, and the second working
distance can be 50mm or smaller.

[0021] In some embodiments illustrating background
art, the image forming system projects an initial image
having a first size, and the intermediate image has a sec-
ond size greater than or equal to the first size at the in-
termediate image plane. In some of these embodiments,
the second size is consistent with a 16mm, 35mm, or
70mm film format. Also in some of these embodiments,
the projection subsystem corrects for film buckle effects.
[0022] In some embodiments illustrating background
art, the speckle reduction element has a curved surface
through which the intermediate image is transferred. In
some of these embodiments, the projection subsystem
corrects for film buckle effects, and the curved surface
compensates for the projection subsystem’s correction
of the film buckle effects. The curved surface can be a
surface through which the intermediate image is received
by the speckle reduction element or through which the
intermediate image exits the speckle reduction element.
The curved surface of the speckle reduction element can
be an etched or polished surface, and it can include ran-
domly or substantially randomly distributed surface struc-
tures, such as lenslets.

[0023] In some embodiments of the present invention,
the speckle reduction elementincludes alensletarrange-
ment formed on a surface of the speckle reduction ele-
ment, the lenslet arrangement including lenslets each
having an aperture. Each of all or substantially all of the
lenslet apertures is greater than or equal to a size of a
pixel of the intermediate image at the intermediate image
plane. The lenslet arrangement can have a random or
substantially random distribution of lenslets. The lenslets
can be in or substantially in a hexagonal, linear, or diag-
onal pattern. And, the lenslets can be abutting or non-
abutting. If they are non-abutting, a spacing between the
lenslets can be or substantially be large enough to allow
a diffusion from the spacing to pass into an acceptance
aperture of the projection lens. The spacing between the
lenslets can be greater than or equal to a size of a pixel
of the intermediate image at the intermediate image
plane. In some embodiments, the movement-generating
system moves the speckle reduction element in-plane a
distance that is greater than or equal to a period of lenslet
repetition. In some embodiments, an acceptance aper-
ture of a lens in the projection subsystem captures diffu-
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sion caused by spacings between the lenslets or valleys
between abutting lenslets. In some embodiments, an ac-
ceptance aperture of a lens in the projection subsystem
captures a fourth order energy or below of the reduced-
speckle image. In some embodiments, the lenslet ar-
rangement passes a fourth order energy or lower of the
reduced-speckle image into an acceptance aperture of
the projection subsystem.

[0024] In some embodiments illustrating background
art, the movement-generating system causes motion of
the speckle reduction element in a direction parallel to
an optical axis of the speckle reduction element. In some
of these embodiments, the motion is within a depth of
focus of the projection subsystem. Also in some of these
embodiments, the motion is within a depth of focus of the
relay system. The motion can further include motion in a
direction perpendicular to the optical axis of the speckle
reduction element.

[0025] Various embodiments of the present invention
are particularly well-suited for spatial light modulators
such as DLP devices that modulate light from a laser or
other high brightness light source with coherence. Vari-
ous embodiments of the present invention provide an
optical system that allows the use of conventional type
projection lens elements and takes advantage of high
brightness that can be obtained using laser light.
[0026] These and other aspects, objects, features and
advantages of the present invention will be more clearly
understood and appreciated from a review of the follow-
ing detailed description of the preferred embodiments
and appended claims, and by reference to the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The present invention will be more readily un-
derstood from the detailed description of exemplary em-
bodiments presented below considered in conjunction
with the attached drawings, of which:

Figure 1 is a diagram showing some common com-
ponents used in embodiments of the present inven-
tion;

Figure 2 is a diagram showing an apparatus of an
embodimentiillustrating background art for digital im-
age projection with reduced speckle;

Figure 3 is a diagram showing an apparatus of an
embodiment of the present invention with approxi-
mate f# and acceptance aperture relationships;
Figure 4 is a diagram showing an apparatus of an
illustrating background art with a speckle reduction
element having a curved surface;

Figures 5a and 5b illustrate internal system images,
including an intermediate image and a diffused im-
age, respectively;

Figure 5c illustrates film buckle and film imaging as
occurs in a conventional film-based projection sys-
tem;
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Figure 6ais a diagram of an embodiment of a speckle
reduction element that utilizes sparse microlenses;
and

Figure 6b illustrates the use of a speckle reduction
element in increasing angular diversity of imaging
through a projection lens, according to an embodi-
ment of the present invention.

DETAILED DESCRIPTION

[0028] For the detailed description that follows, it is to
be understood that elements not specifically shown or
described may take various forms well known to those
skilled in the art. Figures shown and described herein
are provided to illustrate principles of operation and com-
ponent relationships along their respective optical paths
according to embodiments of the present invention and
may not show actual size or scale. Some exaggeration
may be necessary in order to emphasize basic structural
relationships or principles of operation. In some cases,
components that normally lie in the optical path of the
projection apparatus are not shown, in order to describe
the operation of projection optics more clearly.

[0029] The use of singular and/or plural in referring to
the "method" or "methods" and the like is not limiting.
[0030] Theterm"f-number"orf/#asusedinthe present
disclosure has its conventional meaning as the ratio of
focal length to acceptance aperture diameter. Further,
unless otherwise explicitly noted or required by context,
the word "or" is used in this disclosure in a non-exclusive
sense.

[0031] Figure 1 illustrates a simplified schematic of
several common coherent light projection system com-
ponents used in various embodiments of the present in-
vention. Later figures and the following description intro-
duce additional components that are added to the com-
mon components illustrated in Figure 1. In this regard,
Figure 1 shows a coherent light projection system 10 with
a coherent light source system that emits highly coherent
light. In the case of Figure 1, the coherent light system
includes a coherent light source 16r, 16g, and 16b for
each of red, green, and blue color channels, respectively.
However, other color channels may be used. Also in the
case of Figure 1, the coherent light sources 16r, 16g, 16b
are laser light sources, such as direct emission diode
laser arrays, fiber lasers, or IR pumped, harmonic con-
version lasers. However, any coherent or partially coher-
entlight source with sufficient brightness and beam qual-
ities can be used. For example, visible wavelength super
luminescent diodes (SLEDs) may be used.

[0032] Light emitted from the coherent light sources
16r, 16g, 16b is received by an image forming system,
which, in the case of Figure 1, includes spatial light mod-
ulators 12r, 12g, 12b (such as DLP (digital micromirror)
devices) and a combining element (such as a dichroic
combiner 14). Each light modulator 12r, 12g, 12b lies at
an object plane 5r, 5g, 5b, respectively, of a projection
system, in this case, an imaging lens 20a of a projection
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subsystem 20. In addition, each spatial light modulator
12r, 12g, 12b is image conjugate to a displayed image
plane 7, at display surface 30, where a screen can be
located. This arrangement can be used for an LCD or
other type of light modulator.

[0033] During operation of the coherent light projection
system 10, the light modulators 12r, 12g, 12b interact
with the coherent light emitted from the light sources 16r,
16g, 16b, in a manner consistent with image data, such
as image data representing an image frame in a movie.
In this regard, control signals are provided to the light
modulators 12r, 12g, 12b by a data processing system
(not shown), such as a control system, that controls the
light modulators 12r, 12g, 12b in the manner consistent
with image data using techniques and equipment known
in the art. In particular, the light modulators 12 comprise
two-dimensional arrays of addressable modulator pixels
(not shown) that modulate incident light in accordance
with the image data signals. Light modulation can be pro-
vided by a variety of means, including redirection by tilting
of micro-mirrors (DLP), polarization rotation (LCOS or
LCD), light scattering, absorption, or diffraction.

[0034] The modulated light from the light modulators
12r, 12g, 12b is combined onto the same optical path,
axis O, at the dichroic combiner 14. Light combined by
the combiner 14 ultimately reaches the projection sub-
system 20 including, in this case, an illustrative pair of
lenses 20a, 20b, which project images of the image con-
tent on the display surface 30.

[0035] Some of the problems that face the optical sys-
tems designer can be better appreciated by considering
the simplified schematic diagram of Figure 1. In the sys-
tem 10, a long working distance is needed, as light from
multiple light modulators 12r, 12g, 12b is combined via
combiner 14 before being projected to the display surface
30 by the projection subsystem 20. Also, it can be ad-
vantageous to have projection subsystem 20 operate at
a large f# (such as f/6 or higher) in object space, so that
the long working distance is more readily and inexpen-
sively achieved. Additionally, by not capturing the light
at large angles, the projection subsystem 20 would not
pick up as much unwanted stray light that can be scat-
tered from nearby surface structures. For example, com-
ponents such as MEMS devices (such as the DLP mod-
ulators), lens element edges and defects, and other
structures can scatter light within the imaging system.
This scattered light, or flare light, can pass through the
lens to the screen and reduce both wide area image con-
trast (ANSI contrast) and localized or image detail con-
trast, thereby affecting the apparent screen blackness
and resolvable detail. On the other hand, to reduce
speckle visibility from a coherent source projection sub-
system 20, it would be preferable to deliver convergent
light to the display surface 30 with a large angular width
(large numerical aperture ("NA")). However, assuming a
constant magnification from the projection subsystem 20,
this means that the angular width of the light on the mod-
ulator side is also large, for example, having a low f #
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(e.g., f/3 or lower). Thus, the desire to reduce potential
speckle visibility is in conflict with the needs to reduce
lens complexity and cost and minimize collection of in-
ternally scattered light.

[0036] The schematic block diagram of Figure 2 shows
a coherent light projection system 50, that alters the basic
design of Figure 1 in order to reduce speckle visibility. In
particular, the light passing through combiner 14 is di-
rected through a relay system, in this case, a relay lens
18. Relay lens 18, comprising at least one relay lens el-
ement L1, is positioned to have each light modulator 12r,
129, and 12b as objects that are image conjugate to an
intermediate image 22 formed at an intermediate image
plane 21. The intermediate image 22 is an aerial real
image formed by the relay system (e.g., relay lens L1)
and other upstream optics at the intermediate image
plane 21. An aerial real image is an image located in
space that could be viewed if a screen or other display
structure were placed at the corresponding image plane,
inthis case, intermediate image plane 21. Inthis instance,
the aerial intermediate image 22 shown in Figure 5a com-
prises an array of intermediate image pixels 23 that are
pixel images of the modulator pixels. In particular, the
intermediate image pixels 23 comprise overlapped and
aligned images of corresponding pixel images from the
red, green and blue modulators (12r, 12g, 12b). Prefer-
ably, the corresponding imaged modulator pixels are co-
aligned to within V4 pixel error or better across the entire
intermediate image 22 at intermediate image plane 21.
The intermediate image plane 21 is located within or sub-
stantially within a speckle reduction system, which, in this
case, comprises a speckle reduction element 40 and a
movement generating system, in this case, an actuator
49, that moves the speckle reduction element 40. The
intermediate image 22, as transferred or passed through
the speckle reduction element 40, is projected by the
projection subsystem 20. The Relay lens 18 has a rela-
tively long working distance Wa (see Figure 3) on the
order of 150 mm and is a relatively slow lens, around f/6.
In some embodiments, relay lens 18 is telecentric on the
side facing the light modulators 12.

[0037] Figure 3 shows an embodiment where the relay
lens 18 has anf# (i.e., firstf# 19 in Figure 3) thatis greater
than (e.g., about twice) an f# (i.e., second f# 24 in Figure
3) of the projection subsystem 20. Stated differently, the
exiting angle of relay lens 18 is about half that of the
acceptance angle of projection subsystem 20. In some
embodiments of the present invention, the relay lens 18
has an f-number of /6 or greater, and the projection sub-
system 20 has an f-number of f/3 or smaller. As men-
tioned earlier, the relay lens 18 can have a long first work-
ing distance Wa that may be needed to accommodate
beam combining from different imaging channels. Alter-
natively, the projection subsystem 20 has a second work-
ing distance Wb that can be substantially less than the
first working distance Wa. While the projection subsys-
tem 20 needs to accommodate the optics of the speckle
reduction system (e.g., speckle reduction element 40),

10

15

20

25

30

35

40

45

50

55

and perhaps afield lens, the space required is much less
compared to accommodating combiner 14. In some em-
bodiments, the first working distance is 150mm or great-
er, and the second working distance is 50mm or smaller.
Since the projection subsystem 20 is optically faster, but
can have a shorter working distance, it becomes much
easier to design and fabricate than a lens that is both fast
and requires a long working distance as is common to
current digital cinema projection lenses.

[0038] Likewise, the design of relay lens 18 is advan-
taged as it is working at small magnifications (1x-2x).
While relay lens 18 still provides a long working distance
Wa, this lens is optically slower than the conventional
digital cinema projection lenses, and thus relay lens 18
is also less expensive to fabricate and design. Further,
as the optical combiner 14 is now in a relatively slow
portion of the optical path, the optical coatings therein
become much less difficult to design and fabricate, as
they only need to combine over smaller angles. In the
case of MEMs spatial light modulators that differentiate
input and output light based on angular differences be-
tween the two, the contrast ratio is enhanced. These f-
number and working distance relationships optimize the
effective imaging performance to provide low cost optical
design simplicity, simpler optical coatings, as well as high
image quality parameters of high contrast ratio and
speckle reduction by increasing the angular diversity dis-
cussed below.

[0039] Returning to Figure 3, relay lens 18 directs its
cone of light to form an intermediate image 22 at an in-
termediate image plane 21 proximate to the speckle re-
duction system, which, in this case, includes a speckle
reduction element 40, which is moved by an actuator 49.
The speckle reduction element 40 alters the intermediate
image 22, orthe light propagation from there, in amanner
(e.g., by phase changes, angular changes, or both) that
reduces speckle visibility in the projected image by tem-
porally changing the coherent interference of the reflec-
tions with the display surface 30.

[0040] A movement-generating system (e.g., actuator
49 shown in Fig. 4) can be a part of the speckle reduction
system. The movement-generating system provides vi-
bration, rotation, or other repeating or random movement
to the speckle reduction element 40 while the intermedi-
ate image passes through it in order to reduce speckle.
[0041] In one embodiment, the speckle reduction ele-
ment 40 is an optical diffuser, such as a volume or a
surface relief diffuser (e.g., a holographic diffuser). In
such cases, the movement-generating system compris-
es an actuator 49 known in the art to cause in-plane mo-
tion of the diffuser back and forth, or rotationally in the
plane of the diffuser, such that the diffuser remains at or
near the intermediate image plane 21. In other words,
"in-plane motion" means, for example, motion in a direc-
tion perpendicular to the optical axis (in the example of
Fig. 2, axis O) of the speckle reduction element 40.
[0042] The diffuser, when used as speckle reduction
element 40, is known to change the random phase of
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image light associated with each intermediate image pix-
el 23 forming diffused image pixels 23’, as shown in Fig.
5b. The actual speckle reduction from the movement-
generating system in this configuration is dependent on
several factors, including the attributes (size, shape, and
distribution) of the diffuser features (or structure), the
characteristics (rate and range) of diffuser motion, the
number of projection lens resolution elements (image pix-
els) on the display surface 30, and the characteristics of
the scattering features on the screen (display surface
30). As the phase structure of the image light associated
with the intermediate image pixels is changed by the mo-
tion of the speckle reducing element (diffuser) 40, the
incident phase and position to the display surface 30 is
changed slightly as well, thereby changing the interaction
with the display surface micro-structure, and the speckle
interference in the reflected light. The viewer’s effective
eye resolution (determined by the viewer’s distance from
the screen and the viewer’s personal visual acuity (20-20,
for example)) also impact speckle visibility. The speckle
visibility decreases as the number of diffuser features
and image pixels on display surface 30 increase, but is
ultimately limited to a non-zero value.

[0043] It is noted that while an optical diffuser can be
used forthe speckle reduction element 40, it also impacts
light propagation through the system 50 in several ways.
As one example, placement of a diffuser at or near inter-
mediate image plane 21 essentially defines a new object,
the diffused image 22’shown in Fig. 5b, within the system
50, as the angular extent (or NA) of the light is increased.
The change in angular extent can be modeled as a con-
volution of the light diffusion profile and the incident light
distribution (relay lens F# (19)). Of course, the effective
etendue that the projection lens needs to accommodate
is likewise increased. As a second impact, the effective
size of the intermediate image pixels 23 at the interme-
diateimage plane 21isincreased, as the diffuser features
and diffuser motion, introduce blurring and contrast loss,
creating diffused image pixels 23’. When this new image
object, diffused image 22’, with its diffused image pixels
23’, is imaged to the display surface 30 by projection
subsystem 50, the projected image quality, relative to
resolution (or MTF) is reduced.

[0044] Again considering Fig. 2, relay lens 18 compris-
es at least one relay lens element L1, and can include
an optional field lens L2, which can be located adjacent
the speckle reduction element 40 along the optical axis
O, without intervening lenses between it and the speckle
reduction element 40. In the case of Figure 2, the field
lens L2 is located between the speckle reduction element
40 and the relay lens element L1, and facilitates direction
of the intermediate image 22 into the speckle reduction
element 40 in a manner that causes the diffused image
light from the resulting diffused image 22’ to enter an
acceptance aperture of the projection subsystem 20. In
other embodiments, the field lens L2 can be located
downstream of the speckle reduction element 40, while
still prior to projection subsystem 20. Output from the

10

15

20

25

30

35

40

45

50

55

speckle reduction element 40 is a phase-altered image,
which is projected by the projection subsystem 20 onto
a display surface 30 (not shown in Figure 2).

[0045] While the image size of the intermediate image
22 atintermediate image plane 21 may be equal to, small-
er, or larger than the area of the light modulator 12, in
many cases it is desirable for the image area to be equal
to or larger than the area of the modulator 12, as NA
collected by the projection lens 50 can be reduced. In
this regard, the image forming system (e.g., light modu-
lators 12r, 12b, 12g and combiner 14) can project a com-
bined initial image towards the relay system (e.g., relay
lens 18), the initialimage having afirst size corresponding
to the size of the light modulators. The relay system (e.g.,
relay lens 18) can then form an intermediate image 22
having a second size greater than or equal to thefirst size.
[0046] Insomeembodiments, the second size,i.e., the
size of the intermediate image 22 at intermediate image
plane 21, is magnified by the relay system (e.g., relay
lens 18) to be consistent with a motion picture film size,
such as 16mm, 35mm, or 70mm film formats. These mo-
tion picture film sizes have diagonals of 13.73mm,
25.81mm and 52.80mm for the 16mm, 35mm and 70mm
film formats, respectively. Having an intermediate image
22 at these motion picture film sizes allows the use of a
conventional film projection lens in projection subsystem
20, such as a lens designed and used for conventional
16 mm, 35 mm, or 70 mm film projectors, thereby reduc-
ing cost and simplifying design.

[0047] In particular, film-based projection lenses, such
as lenses sold by Schneider Kreuznach of Germany, are
offered in arange of nearly 30 different focal lengths from
24 to 100 mm in order to accommodate the variety of
screen distances and diagonals present in the motion
picture industry. This variety of lenses allows theatre op-
erators to select the best solutions for their particular ven-
ues. Some lenses such as the Variable Prime lens are
also designed to handle different film format ratios 1:137
to 1:1.85, while others use anamorphic optics to deliver
wide format Cinemascope content of 1:2.39 format. This
wide availability and format flexibility offers a significant
advantage over conventional digital cinema lenses that
are more expensive and limiting. Schneider offers only
twelve fixed lenses for digital cinema. Perhaps more sig-
nificantly, the f-number of these common film projection
lenses typically range between f/1.7 to f/2.8. This lower
f-number range is particularly suited to reduce the speck-
le from the coherent light sources by using temporally
averaged angular diversity as opposed to more common
random phase walk of a common diffuser. However,
these lenses only have back working distances in the
range of 30-57 mm, which can be too small to accom-
modate digital projector attributes such as beam com-
bining from three colors. In utilizing conventional film pro-
jection lenses, the availability and ease of changing for-
mat size is also increased. Common anamorphic lenses
are also capable of being used to switch to formats like
Scope for exceptionally wide viewing.
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[0048] One consideration in utilizing conventional film
projection lenses for digital cinema applications is that
many of the higher quality conventional film projection
lenses are designed to compensate for film curvature or
"buckle", which is illustrated in Fig. 5c. When the image
area of the film 60 is illuminated, the film emulsion ab-
sorbs light in accordance with the image content. The
resulting heat causes the film, which is an elastic polymer
sheet material, to buckle or bow out of plane by some
distance "d". This effect is compounded by the uneven
illumination and uneven heating of the image area,
through the aperture plate 62, relative to the surrounding
un-illuminated areas provided for the sound track, perfo-
rations, and the framing bars. The illuminated area ex-
pands, while the fixed area does not, forcing the imaging
area to shift in the optical axis direction, thereby intro-
ducing as much as d ~ 150 - 400 wm of film surface
curvature, buckling towards the illumination source.
Thus, with respect to the projection lens 20, the film 60
is now a curved object that is imaged to the screen 30.

[0049] Theleastexpensive film projection lenses often
are designed for aflatimage plane, thus causing defocus
on the outer edges of the imaged area (assuming the
projectionist sets focus to the image center). These lens-
es, if their performance characteristics are suitable, can
be desirable for use with a digital spatial light modulator
12 where the image plane remains flat during projection.
On the other hand, the more expensive film projection
lenses 20 that provide the best projected image quality,
are also designed to optimally image a curved object (the
film 60) having a film buckle depth d ~ 100-200 pm sag
over a~1inch wide area, to compensate for the film buck-
le effects, e.g., the film plane deviation from illumination
system heating.

[0050] With respect to digital projection, the unlikely
combination of imaging planar (flat) light modulators 12
to an intermediate image plane 21 that is co-aligned to
a curved object plane expected by a film-type projection
lens, can be accommodated in several ways. Consider-
ing Fig. 2, relay lens 18 is relatively slow as compared
to the projection subsystem 20. In the case of relay lens
L1, itis less important to correct for the small image plane
sag of 100 - 200 wm, as the depth of focus of lens L1 is
greater. Depth of focus (DOF), is shown in slide 5a, and
is defined by:

]

2 s tan (arcsin (z—*lfg))

DOF =+

where 0 = the blur circle diameter. To be resolvable, the
size of the intermediate image pixels 23 presented to the
intermediate image plane 21 would approximately equal
the blur circle diameter, if not larger. For example, if the
spatial light modulators 12 comprise arrays of 10 pm pix-
els that are imaged at a magnification of 1.2x to the in-
termediate image plane 21 then the resulting 12 pm in-
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termediate image pixels should be comparable in size to
the blur circle diameter (0), or 2-3x larger. The depth of
focus is a distance in the Z direction in which the size of
the blurred spot grows by some defined amount that is
deemed tolerable. Diffraction, aberrations, or defocus, or
combinations thereof, in varying quantities, can cause
the spot blurring. For example, Rayleigh’s quarter wave
criterion is a common metric used in imaging systems.
Using the equation above, and given an f/6 relay lens 18,
the depth of focus at the intermediate image plane 21
would be about 120 wm, which is on the order of a stand-
ard film projection lens curvature. So in this case, the
relay lens 18 roughly accommodates, within the depth of
focus, the image plane curvature without significant cor-
rection required. Nominally, the relay lens 18 is posi-
tioned axially along the optical axis O, such that the best
quality image location (best MTF) provided by the relay
lens 18 substantially overlaps the best object conjugate
plane location of the projection lens 20. Relay lens 18
can also be designed to present a curved image of the
modulators 12, with an appropriate curvature, to the film
type projection lens 20.

[0051] On the other hand, a mis-match between a pro-
jection lens 20 designed to optimally image a curved ob-
ject and a planar intermediated image cannot be readily
left uncorrected, as the depth of focus (DOF) of these
projection lenses is comparatively small. For example,
using an intermediate image pixel size of 12 um and a
projection subsystem 20 of /1.7, the depth of focus is
only about 36 um. This small depth of focus justifies the
need to match the curved plane of best imaging of a film
type projection lens 20 with the intermediate image 22
and the surface of the speckle reduction element 40.
[0052] In one embodiment shown in Figure 4, the
speckle reduction element 40 has a curved surface 43
through which the intermediate image 22 is received. In
other embodiments (not shown), the speckle reduction
element40 has a curved surface through which a diffused
image 22’ or intermediate image 22 exits, to be imaged
by projection lens 20. In either case, the curvature can
be convex or concave. Regardless, the curved surface
has a curvature that matches or substantially matches
the film buckle curvature for which these commercially
available film type projection lenses are corrected. Sur-
face structures can be place onto curved surface 43 in a
random or ordered pattern. In one embodiment lenslets
are formed ontop of the general curvature. In an alternate
embodiment the surface structure can be of phase depth
by etching, polishing, or molding. In cases where the
curved surface 43 of the speckle reduction element 40
is fabricated using etched or polishing processes, device
fabrication can be relatively straightforward. By compar-
ison, it can be difficult to fabricate the surface features
of alithographically curved speckle reduction element 40
as this process works primarily with flat wafers. It would
be possible to lithographically pattern the surface fea-
tures of a speckle reduction element 40 on a flat sub-
strate, and then create flexible or curved speckle reduc-
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tion elements 40 by replication and molding processes.
Forexample, a flexible master could then be used to cast
the speckle reduction surface features onto a spherical
surface plane base or a plano surface with a second sur-
face that contains optical power. Thus, an inexpensive
replicated speckle reduction element 40 can be created
that has optical correction for a curved image plane.
[0053] An alternate method, in lieu of generating a
curved surface on the speckle reduction element 40 is
to add a correction lens system (L2 in Figure 2 could be
configured as such a corrector lens) to correct for this
pre-existing image curvature of commercially available
film projection lens. This correction lens system, separate
from speckle reduction element 40, would only need to
be a simple corrector lens with very little optical power
placed between the relay lens element L1 and the con-
ventional projection subsystem 20. In thisregard, the cor-
rection lens system (e.g., L2) can be located upstream
or downstream of the speckle reduction element 40, and
can be located adjacent the speckle reduction element
40 in the optical axis O with no intervening lenses be-
tween it and the speckle reduction element 40. In addi-
tion, the correction lens system can comprise a lens hav-
ing only one or both sides curved, and such curvature
can be convex or concave, depending upon design
choice. Or, as with all lens systems, more than one lens
may be used. Accordingly, one skilled in the art will ap-
preciate that the invention is not limited to any particular
implementation of the correction lens system, so long as
it compensates for the film buckle correction of the stand-
ard cinema film type projection lenses discussed previ-
ously. Further, this correction lens system could be
standard or optional for projection systems 20 depending
on the particular commercially available lens selected.
[0054] Turning back to a general discussion regarding
speckle reduction element 40, such element 40, regard-
less of film buckle corrections and independent of the
type of relay and projection lenses used, is located at, or
substantially at, the intermediate image plane 21. Fur-
ther, regardless of film buckle corrections and independ-
ent of the type of relay and projection lenses used, the
speckle reduction element 40 can be diffusive, such as
by including a diffuser, or refractive, such as by including
a lenslet arrangement 44 thereon, as will be discussed
below.

[0055] In embodiments where the speckle reduction
element 40 is diffusive, such element 40 provides phase
shifting and diffusion of the intermediate image 22. As
discussed above, courtesy of actuator 49, this shifting
occurs on atemporal basis, such that the effective spatial
coherence of the light output by the projection subsystem
20is averaged by the eye to effectively reduce the speck-
le perceived by a viewer. The speckle reduction element
40 can be a diffractive element that can be fabricated
from many different materials such as glass, fused silica,
plastics or epoxy. For high-light-level-polarization-based
optical systems it is important that the material does not
absorb light such that heat induced stress birefringence
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occurs. Similarly, a variety of methods can be used to
fabricate speckle reduction element 40, such as etching,
polishing, molding, lithography, and holography. Again,
for polarization sensitive systems, a method that does
not induce stress birefringence is desired. These diffus-
ers may be created with random or periodic patterns to
minimize speckle.

[0056] As mentioned previously, with respect to Figs.
5a and 5b, use of diffusers can cause image blurring and
loss of resolution. Additionally, the increased angular
spread introduced by conventional diffusers, while ben-
eficial to reducing the speckle effect, also increases the
effective system Lagrange, and thus the required cone
angle (or numerical aperture (NA)) to collect all of the
diffused light. This decrease in the f# of the projection
lenses 20 can increase the cost and difficulty of lens fab-
rication. For example, common ground glass diffusers
behave essentially in a Lambertian manner, where sig-
nificant amounts of light 55 spill outside the collection f-
number 24 of the projection subsystem 20 as shown in
figure 3. Even modern holographic diffusers can signifi-
cantly increase the angular extent, increasing spill light
55, light efficiency loss, projection lens aperture, and im-
age blurring.

[0057] Light diffusion or scattering occurs from a com-
bination of refractive and diffractive effects, which can be
volumetric or surface related. Diffraction from the surface
of speckle reduction element 40 causes an angular
spread containing lower order (angle) and higher order
(angle) content. It is commonly known that for diffraction
from a circular aperture, roughly 99% of the energy from
diffracted light falls within the 4th dark ring of the Airy disk
pattern formed by the aperture. It can be desirable to
design the diffusive structure such that most of the an-
gular spread by diffraction is within the acceptance ap-
erture (F# 24) of the projection subsystem 20. For exam-
ple, the speckle reduction element 40, in some embodi-
ments where such element 40 is significantly diffractive,
directs the energy from the 4th order and below into the
acceptance aperture of the projection subsystem 20.
There is a diminishing return in energy collection in re-
quiring a lower f-number projection lens.

[0058] While a diffusive speckle reduction element 40
is effective at reducing perceived speckle, the surface
treatments and structure types that create a diffused im-
age 22’ from the intermediate image 22 often create a
loss of energy due to diffraction that can overfill the pro-
jection system 20. This diffused image 22’ essentially
becomes an object relative to the projection subsystem
20, with new wavefront and image quality parameters.
While aberrations from relay lens 18 are imparted to the
pixel structure, size, and shape, of the diffused image
pixels 23’ of diffused image 22, the projection subsystem
20 cannot be optimized to correct for them because the
original phase (wavefront) content is lost by the diffusive
speckle reduction element 40.

[0059] An alternative method to speckle reduction to
that of using a diffusive speckle reduction element 40 is
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to use arefractive speckle reduction element 40 that an-
gularly shifts the intermediate image 22 while preserving
at least some of the original phase content. As before,
the refractive speckle reduction element 40 can be
placed at the intermediate image plane 21 where the in-
termediate image 22 is formed by the relay system (relay
lens 18) and other upstream optics. Unlike the diffused
image 22’ generated by a diffusive speckle reduction el-
ement 40, a refractive, speckle reduction element 40
placed at or substantially at intermediate image plane 21
passes intermediate image 22 while preserving substan-
tial wavefront data projected by relay lens 18.

[0060] In some embodiments of the invention this re-
fractive speckle reduction element 40 is a structured win-
dow element 45 comprising a lenslet arrangement (44 in
Figures 3, 6a, and 6b) that is temporally moved as was
described with respect to a diffusive speckle reduction
element 40. Unlike a diffusive speckle reduction element
40 that creates random phase walk, such a structured
window element generates temporally varying angular
diversity that changes the interaction of the incident light
with the microstructure of display surface 30, and thus
the reflected light interference, thereby reducing speckle.
[0061] As shown in Figure 6a, the structured window
element 45 can be constructed of lenslets 41, each with
an aperture A, formed on a substrate 46. Consequently,
as illustrated in Fig. 6b, each lenslet 41 acts like a sub-
aperture field lens that deflects the image light collected
by the projection lens 20 about the acceptance aperture
of the projection lens as the structured window element
50 is moved by actuator 49. A lenslet 41 samples at least
one intermediate image pixel 23 formed by the relay lens
18 and then redirects the angular extent (cone or solid
angle 25) of the light associated with a given intermediate
image pixel 23 into different portions (deflected solid an-
gle 25’) of the relatively large acceptance aperture (cap-
tured solid angle 26) of the projection subsystem 20 on
a temporal varying basis, in conjunction with movement
of such structured window element 45 by the movement
generating system (e.g., actuator 49). Consequently, the
movement generating system steers image light of the
intermediate image 22 into an acceptance aperture of
the projection subsystem 20 as the intermediate image
22 is transferred through the arrangement of lenslets 41
of the speckle reduction element. The projection subsys-
tem 20 then projects the steered image light of the inter-
mediate image, as transferred through the moving speck-
le reduction element onto a display screen, which reflects
a reduced-speckle image. Because the lenslets 41 pri-
marily provide a mechanism for beam steering, rather
than diffusion, for a given field point (a given intermediate
image pixel 23), the corresponding on-screen image is
formed in substantially the same location on display sur-
face 30, whether the image light is deflected upwards or
downwards, or to the side, or minimally, or not at all,
depending on the position of the nearest lenslet to that
given pixel at a given point in time. Thus, through the
combination of each moving lenslet 41 and projection
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subsystem 20, angular steering occurs that is delivered
to the image projection surface 30 (shown in figure 1)
with minimal image quality loss. Any image quality loss
would be due, at least in part, to the small change in
optical power that each lenslet 41 delivers. Residual dif-
fusion effects may also increase the collected solid angle
from an intermediate image pixel 23, or reduce image
quality.

[0062] As mentioned earlier, a refractive speckle re-
duction element 40 can be a structured window element
45 having lenslets 41 that each have an aperture A, as
shown in Fig. 6a. The size of that aperture is relatively
large compared to the surface structures of common dif-
fuser surfaces like etched glass. While the lenslet aper-
ture A may be round, square, or other shape, it is useful
to understand the properties that deliver proper sampling
of the pixel size to reduce speckle and deliver most of
the lightto the display surface 30. The diffraction equation
for a circular aperture shows the relationship between
the lenslet diameter (aperture A) and the angular spread
of the 4th dark ring is given by:

A =424*\/o

[0063] Where:

A = lenslet diameter or aperture
o = angular spread (radians)

A = wavelength of interest

[0064] For example, it lens 20a is an /2.8 lens, it has
an acceptance angle o of approximately 0.18 radians.
Forawavelength of 0.000550 mm light, the smallestlens-
let size (diameter A) is approximately 13 wm. This size
is on the order of the spatial light modulator pixels (5 -15
wm), or the images thereof (i.e., the intermediate image
pixels). At substantially smaller sizes than approximately
13 pm, significant amounts of light are diffracted or scat-
tered and are lost. Therefore, a solution has each lenslet
sampling one or more intermediate image pixels 23 of
the intermediate image 22 at the intermediate image
plane 21. In other words, each of all or substantially all
of the lenslet apertures A is greater than or equal to a
size of an intermediate image pixel 23 at the intermediate
image plane 21. In some embodiments, it can be bene-
ficial to have lenslet apertures A greater than a size of
N2 intermediate image pixels of the intermediate image
at the intermediate image plane 21. In some embodi-
ments, N is ~2-4. Since the lenslet apertures A are rela-
tively large with respect to the size of an intermediate
image pixel 23, the pixels 23 essentially see the lenslet
41 effectively as a window.

[0065] It is also useful to understand the parameters
of the gaps 42, if any, between the lenslet structures. In
this regard, a slit aperture diffractive model may be used
where the lenslets 41 are directly abutted to provide a
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simplified analysis. Slit apertures behave in a similar
fashion as circular apertures in this regard. 83.8% of the
energy occurs inside the first dark ring, in this example
about 4 um, as given by:

Ag=1.22*M o

The percentage of energy inside the particular bright
bands appears below:

Order Circular Aperture  Slit Aperture
0 order 83.8% 90.3%
1storder 7.2% 4.7%
2ndorder  2.8% 1.7%
3dorder 1.5% 0.8%
4thorder 1.0% 0.5%
[0066] There is a diminishing return in energy collec-

tion either in requiring a lower f# projection lens 20 or in
making the diffusive structures smaller, especially where
some of the diffraction from the Oth order beam is lost.
Forvisible light, itis desirable to have even the gap struc-
tures on the order of a magnified pixel dimension of Ag
~ 5-20 um. Again, designs where the dimension of the
structure capture the full zeroeth order to the full 4t order
would effectively simplify the optics and capture in-
creased energy. In other words, in some embodiments,
the lenslet arrangement 44 is configured at least to pass
a fourth order energy or lower of the intermediate image,
as transferred through the speckle reduction element,
into an acceptance aperture of the projection subsystem.
Stated differently, in some embodiments, an acceptance
aperture ofalensin the projection subsystem 20 captures
afourth order energy or below of the intermediate image,
as transferred through the speckle reduction element.
[0067] Considering Figure 6b from another perspec-
tive, the incident F# (19) to the intermediate image plane
22 provided by therelay lens 18 is substantially preserved
whentheimage light transits a speckle reduction element
40 that is structured window element 45. That is, aside
from any residual diffusion, both Lagrange and wavefront
(or phase) information are substantially preserved,
whether the light traverses the window-like lenslet gaps
42 or is deflected by the lenslets 41 into the larger ac-
ceptance F# of the projection lens (24). Thus, a magnified
image of a given intermediate image pixel 23 is then pro-
vided at the display surface 30, with a minimal loss of
image quality, whether the image light traversed a de-
flected or undeflected path through the projection sub-
system 20.

[0068] Embodiments that include a structured window
element 45 as a refractive speckle reduction element 40
can have the lenslet arrangement 44 on the upstream
side of the element 40 (facing the relay lens 18, e.g.) or
on the downstream side of the element 40 (facing the
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projection subsystem 20, e.g., as shown in Figure 3). In
addition, in embodiments where the refractive speckle
reduction element 40 has a curved surface to compen-
sate for film buckle corrections in projection subsystem
20, the lenslet arrangement 44 can be on the curved sur-
face or on a flat surface on an opposite side of the curved
surface, if applicable. The lenslet arrangement 44 prima-
rily causes the corresponding surface of the structured
window element 45 to be refractive. In some embodi-
ments, the lenslet arrangement 44 entirely or almost en-
tirely includes abutting lenslets, as shown, for example,
in Figure 3. In other embodiments, such as illustrated by
Figures 6a and 6b, the lenslet arrangement 44 entirely
or almost entirely includes sparsely distributed (e.g., non-
abutting) lenslets 41 with gaps 42 between lenslets 41.
The gaps 42 comprise the space between the lenslets
42, where the front and back surfaces of the substrate
42 are nominally parallel to each other. In either case,
some diffusion is caused by the lenslet arrangement 44.
For example, when the lenslets 41 are abutting, the val-
leys between abutting lenslets 41 cause some diffusion,
by residual diffraction and edge effects. On the other
hand, when the lenslets 41 are not abutting, some diffu-
sion can be caused by the spaces or gaps 42 between
the lenslets 41 (by diffraction or scattering). Regardless
of the cause of such diffusion, an acceptance aperture
(indicated by captured solid angle 26) of a lens in the
projection subsystem 20 captures such diffusion caused
by spacings between the lenslets or valleys between
abutting lenslets 41, in some embodiments of the present
invention. In embodiments where non-abutting lenslets
41 are used, it can be desirable to have or substantially
have the gaps 42 between the lenslets 41 be large
enough to allow diffused light from the lenslet gaps 42 to
pass into an acceptance aperture of the projection lens
20. In one embodiment the lenslet gaps 42 are greater
than or equal to a size of a pixel of the intermediate image
at the intermediate image plane. Basically, as discussed
previously, this means that the lenslet gaps 42 should be
large enough (Ag) that they do not cause significant dif-
fraction effects.

[0069] Further in this regard, in some embodiments, a
combination element can be used as speckle reduction
element 40, the combination element causing a more
equal amount of diffusion and refraction, or diffraction
and refraction, to generate both temporally varying an-
gular diversity and some level of random phase walk. For
example, the lenslet gaps 42 may not be planar, but have
some mild surface structure, with arandomly mottled pro-
file with large spatial features (several microns) and min-
imal sag, to introduce mild diffusion. In some embodi-
ments, a lenslet or prism array can be utilized where the
surfaces of the lenslet or prism structure are further struc-
tured with variable or fixed phase shifted depth content
in addition to the angular shifts due to refraction. Thus,
as the speckle reduction element 40 is moved, there is
an angular shift of the image into the projection lens and
also a phase walk of the coherent light.
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[0070] Embodiments that include a structured window
element 45 having lenslet arrangement 44 as arefractive
speckle reduction element 40, the arrangement of the
individual lenslets 41 can be or substantially be hexag-
onal, diagonal, random, or linear in either of the two di-
mensions to create the pattern. It can be beneficial in
some embodiments to have the movement generating
system move the speckle reduction element 40 in-plane
a distance that is greater than or equal to a period of
lenslet repetition (one lenslet and one gap (if present),
e.g., vertical lenslet period 38 or horizontal lenslet period
39 in Figure 6a), thus allowing the full range of angular
diversity from a lenslet 41. This motion allows averaging
over the temporal response of the eye. As with the prior
discussions regarding a diffusive speckle reduction ele-
ment 40, the structured window element 45 can be moved
in plane (with the X-Y plane shown in Fig. 5a) any number
of ways, such as by alinear transducer or by being rotated
using a motor. Consequently, one skilled in the art will
appreciate that actuator 49 can take any of a number of
forms, including a piezoelectric translator, for example.

[0071] It can be beneficial in some embodiments to
have out-of-plane motion (along the Z-axis (see Fig. 5a))
ofthe speckle reduction element 40, regardless of wheth-
er itis diffractive or refractive, provided that such motion
is within the depth of focus of the faster projection sub-
system 20, plus some margin for allowable defocus at
the screen. Since relay lens 18 has a much larger depth
of focus, which is nominally overlapped with the projec-
tion lens depth of focus, a system 50 designed under this
constraint will have little image quality loss. "Out of plane
motion" in this context refers to motion that is parallel or
substantially parallel to a direction of an optical axis of
the speckle reduction element 40, which, in the example
of Figure 2, is axis O. Such out-of-plane motion that gen-
erally remains within the depth of focus of the projection
subsystem 20 and relay lens 18 further reduces speckle
by inducing additional angular diversity or phase shift
without substantially impacting pixel resolution. In em-
bodiments where out-of-plane motion is provided to the
speckle reduction element 40, in-plane motion can also
be provided.

[0072] In order to reduce the loss of light from speckle
reduction element 40, whether diffractive or refractive, it
can be benéeficial that the speckle reduction element 40
be designed such that the combination angle of theimage
light (within f# 19) from the relay lens 18, plus the angular
diversion and diffusion formed by speckle reduction ele-
ment40 (see Figure 6b for the case of a refractive speckle
reduction element 40) be equal or substantially equal to
the capturable solid angle 26 or acceptance f-number 24
of projection subsystem 20 (shown as item 24 in Figure
3). For example, if the f# out of a refractive speckle re-
duction element 40 is substantially greater than around
/5 with a projection lens f# of around /2.5, speckle re-
duction would be reduced due to the lack of angular di-
versity. Alternatively, if the f# out of a refractive speckle
reduction element 40 is smaller than that of the projection
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subsystem 20, some light will not be collected by the
projection subsystem 20 and optical throughput will be
decreased.

[0073] Notably, when illumination is from lasers, inter-
nal components of coherent light projection system 10
can have a low etendue, typically in the range of about
/6. Such low etendue is advantaged from an optical de-
sign perspective, allowing the use of smaller, slower, and
less expensive lens elements and light modulators inter-
nal to each of the color channels.

[0074] The digital micromirror or DLP device works
most effectively when its modulated light, the light reflect-
ed from its mirror elements, is substantially telecentric,
emerging substantially parallel to the optical axis. Low-
etendue light sources such as lasers are advantaged for
providing illumination in telecentric systems and are well-
suited for providing DLP illumination sources.

[0075] Embodiments of the present invention de-
scribed herein help to compensate for speckle by cor-
recting it within an intermediate image. An intermediate
image can be formed in a size or format that emulates
conventional film formats, enabling the use of off-the-
shelf projection lens designs for subsequent projection
onto the display surface. Thus, various embodiments of
the present invention allow the use of laser and related
highly coherent sources, advantaged for brightness and
spectral characteristics, with digital light modulators,
without excessive speckle.

[0076] Lens elements could be fabricated from any
suitable type of lens glass or other optical material. Lens
mounting arrangements of various types can be provid-
ed. A variety of types of laser light sources can be used,
including laser arrays, for example. Any of a number of
different types of light modulators can be used, including
digital micromirrors, liquid crystal display (LCD) devices,
electromechanical grating devices such as grating elec-
tromechanical system (GEMS) devices and grating light
valve (GLV) devices, or other types of pixellated array
devices. While embodiments using three primary colors
(RGB) have been described, embodiments of the present
invention can also be used where more or fewer than
three light sources or modulators are utilized. Further,
the terms "system" and "subsystem" often is used in this
description to acknowledge that, although certain em-
bodiments illustrated herein have a particular arrange-
ment of lenses or other components, one of ordinary skill
in the optical arts will appreciate that such particular ar-
rangements could be replaced by one or more other ar-
rangements to achieve the same functions described
herein. For example, the relay system is often described
herein as including a relay lens 18. Such lens 18 could
be replaced by a plurality of lenses that still form an in-
termediate image 22 at the intermediate image plane 21.
The same reasoning applies to the projection subsystem
20 and the other systems described herein. Further, the
terms "system" and "subsystem" are also used in this
description to acknowledge that additional conventional
components not shown or described herein can also be
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present. For example, the relay system 18 may include
a relay lens L1, but it likely also includes lens-mounting

24

a coherent light source system (16r, 16g, 16b)
configured at least to emit coherent light;

hardware, certain optical coatings, etc.

PARTS LIST 5
[0077]

5 Object Plane

7 Displayed Image Plane 10
10 Coherent light projection system

12r, 12g, 12b  Light modulator

14 Combiner

16r, 16g, 16b  Light source

18 Relay lens 15
19 Relay lens f#

20 Projection subsystem

20a Lens of projection subsystem

20b Lens of projection subsystem

21 Intermediate image plane 20
22 Intermediate image

22’ Diffused image

23 Intermediate image pixels

23 Diffused image pixels

24 Projection subsystem entrance f# 25
25 Solid angle

25’ Deflected solid angle

26. Captured solid angle

30 Display surface (or screen)

38 Vertical lenslet period 30
39 Horizontal lenslet period

40 Speckle reduction element

41 Lenslet

42 Lenslet gaps

43 Curved diffuser surface 35
44 Lenslet arrangement

45 Structured window element

46 Substrate

49 Actuator

50 Coherent light projection system 40
55 Spilled light

60 Film

62 Aperture plate

L1 Relay lens element 45
L2 Field lens (or correction lens)

(0] Optical axis

Wa, Wb Working distances

d Film buckle

0 Blur circle diameter 50
A Lenslet aperture

Ag Lenslet gap aperture size

Claims 55

1. A coherent light projection system (10) comprising:
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an image forming system including one or more
spatial light modulators (12r, 12g, 12b), the spa-
tial light modulators comprise two-dimensional
arrays of addressable modulator pixels that
modulate the coherent light incident thereon in
accordance with the image data signals;

a relay system (18) configured at least to form
an intermediate image at an intermediate image
plane (21) from coherent light output from the
image forming system (12r, 12g, 12b), the inter-
mediate image being an aerial real image com-
prising image pixels which are each images of
the modulator pixels;

a refractive speckle reduction element (40) lo-
cated at or substantially at the intermediate im-
age plane (21), the refractive speckle reduction
element (40) comprising a lenslet arrangement
(44) formed on a surface of the refractive speck-
le reduction element (40);

a movement generating system (49) configured
at least to move the refractive speckle reduction
element (40) and steer image light of the inter-
mediate image as the intermediate image is
transferred through the lenslet arrangement (44)
of the refractive speckle reduction element (40);
and

a projection subsystem (20) configured at least
to project the steered image light of the interme-
diate image, as transferred through the moving
refractive speckle reduction element (40), char-
acterized in that the lenslet arrangement com-
prising lenslets each having an aperture, where-
in a size of the lenslet apertures is greater than
or equal to a size of a image pixel of the inter-
mediate image at the intermediate image plane
(21).

The system of Claim 1, wherein the lenslet arrange-
ment (44) comprises a random or substantially ran-
dom distribution of lenslets (41).

The system of Claim 1, wherein the lenslet arrange-
ment (44) entirely or almost entirely comprises abut-
ting lenslets (41).

The system of Claim 1, wherein the lenslet arrange-
ment (44) entirely or almost entirely comprises non-
abutting or sparsely distributed lenslets (41) sepa-
rated by gaps (42).

The system of Claim 4, wherein a size of the gaps
(42) large enough to substantially preserve the orig-
inal wavefront phase content of the light transiting
through the refractive speckle reduction element
(40).
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The system of Claim 4, wherein a size of the gaps
(42) is greater than or equal to the size of an image
pixel of the intermediate image at the intermediate
image plane (21).

The system of Claim 1, wherein the lenslet arrange-
ment (44) is configured at least to pass energy in-
clusive of the zero diffraction order through the fourth
diffraction order of the intermediate image, as trans-
ferred through the speckle reduction element (40),
into an acceptance aperture of the projection system
(20).

A method of projecting light comprising:

generating coherent light from a coherent light
source system (16r, 16g, 16b);

forming an image with an image forming system
including one or more spatial light modulators
(12r, 12g, 12b), the spatial light modulators com-
prise two-dimensional arrays of addressable
modulator pixels that modulate the coherent
light incident thereon in accordance with the im-
age data signals;

forming an intermediate image at an intermedi-
ate image plane (21) at least from coherent light
output from the image forming system (12r, 12g,
12b), the intermediate image being an aerial real
image formed with a relay system (18), the im-
age comprising image pixels which are each im-
ages of the modulator pixels;

transferring the intermediate image through a
refractive speckle reduction element (40) locat-
ed at or substantially at the intermediate image
plane (21), the speckle reduction element com-
prising a lenslet arrangement (44) formed on a
surface of the refractive speckle reduction ele-
ment (40), the lenslet arrangement (44) com-
prising lenslets (41) each having an aperture,
wherein a size of the lenslet apertures is greater
than or equal to a size of an image pixel of the
intermediate image at the intermediate image
plane (21);

moving the speckle reduction element with a
movement generating system (49) while the in-
termediate image is transferred through the re-
fractive speckle reduction element (40); and
projecting the intermediate image, as trans-
ferred through the refractive speckle reduction
element (40) with a projection subsystem (20).

Patentanspriiche

Projektionssystem (10) fir koharentes Licht, wel-
ches Folgendes aufweist:

ein Quellensystem (16r, 16g, 16b) fir koharen-
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tes Licht, welches konfiguriert ist, um zumindest
koharentes Licht zu emittieren;

ein Bildgebungssystem, welches einen oder
mehrere rdumliche Modulatoren fir Licht bzw.
SLMs (12r, 12g, 12b) aufweist, wobei die rdum-
lichen Modulatoren fir Licht zweidimensionale
Anordnungen von adressierbaren Modulatorpi-
xeln aufweisen, welche das darauf auftreffende
LichtgemaR den Bilddatensignalen modulieren;
ein Relais-System (18), welches konfiguriert ist,
um zumindest ein Zwischenbild in einer Zwi-
schenbildebene (21) aus koharentem Licht zu
formen, welches aus dem Bildgebungssystem
(12r, 12g, 12b) ausgegeben wurde, wobei das
Zwischenbild ein Luftreal- bzw. Luftechtbild ist;
welches Bildpixel aufweist, die jeweils Bilder der
Modulatorpixel sind;

ein brechendes Granulations- bzw. Speckle-
Verringerungselement (40), welches in oder im
Wesentlichen in der Zwischenbildebene (21)
angeordnet ist, wobei das brechende Speckle-
Verringerungselement (40) eine Lenslet- bzw.
Mikrolinsenanordnung (44) aufweist, die auf ei-
ner Oberflache des brechenden Speckle-Ver-
ringerungselementes (40) ausgebildet ist;

ein Bewegungserzeugungssystem (49), das
konfiguriert ist, um zumindest das brechende
Speckle-Verringerungselement (40) zu bewe-
gen und Bildlicht des Zwischenbildes zu lenken,
wenn das Zwischenbild durch die Mikrolinsen-
anordnung (44) des brechenden Speckle-Ver-
ringerungselementes (40) durchgelassen wird;
und

ein Projektionsuntersystem (20), welches kon-
figuriert ist, um zumindest das gelenkte Bildlicht
des Zwischenbildes, wie es durch das sich be-
wegende brechende Speckle-Verringerungse-
lement (40) hindurchgelassen wird, zu projizie-
ren, dadurch gekennzeichnet, dass die Lin-
senanordnung Mikrolinsen aufweist, die jeweils
eine Apertur haben, wobei eine Grolie der Mi-
krolinsenaperturen groRer oder gleich einer
GroRle eines Bildpixels des Zwischenbildes in
der Zwischenbildebene (21) ist.

System nach Anspruch 1, wobei die Mikrolinsenan-
ordnung (44) eine zufallige oder im Wesentlichen
zufallige Verteilung von Mikrolinsen (41) hat.

System nach Anspruch 1, wobei die Mikrolinsenan-
ordnung (44) vollstandig oder fast vollstandig anlie-
gende Mikrolinsen (41) aufweist.

System nach Anspruch 1, wobei die Mikrolinsenan-
ordnung (44) vollstandig oder fast vollstandig nicht
anliegende oder sparlich verteilte Mikrolinsen (41)
aufweist, die durch Spalte bzw. Freirdume (42) ge-
trennt sind.
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System nach Anspruch 4, wobei eine GréRRe der
Spalte (42) grol’ genug ist, um im Wesentlichen den
Phasengehalt der Originalwellenform des Lichtes zu
bewahren, welches durch das brechende Speckle-
Verringerungselement (40) hindurchgeht.

System nach Anspruch 4, wobei eine GroRRe der
Spalte (42) groRer als die oder gleich der GroRe ei-
nes Bildpixels des Zwischenbildes in der Zwischen-
bildebene (21) ist.

System nach Anspruch 1, wobei die Mikrolinsenan-
ordnung (44) konfiguriert ist, um Energie
einschlief3lich einer Diffraktion nullter Ordnung bis
zu der Diffraktion vierter Ordnung des Zwischenbil-
des hindurchzulassen, wie durch das Speckle-Ver-
ringerungselement (40) hindurchgelassen, und zwar
in eine Aufnahmeapertur des Projektionssystems
(20).

Verfahren zum Projizieren von Licht, welches Fol-
gendes aufweist:

Erzeugen von koharentem Licht aus einem
Quellensystem (16r, 16g, 16b) fur koharentes
Licht;

Formen eines Bildes miteinem Bildgebungssys-
tem, welches einen oder mehrere raumliche Mo-
dulatoren fir Licht (12r, 12g, 12b) aufweist, wo-
bei die rdumlichen Modulatoren fir Licht zwei-
dimensionale Anordnungen von adressierbaren
Modulatorpixeln aufweisen, die darauf auftref-
fendes koharentes Licht gemafR den Bilddaten-
signalen modulieren;

Formen eines Zwischenbildes in einer Zwi-
schenbildebene (21) zumindest aus kohéren-
tem Licht, welches aus dem Bildgebungssystem
(12r, 12g, 12b) ausgegeben wurde, wobei das
Zwischenbild ein Luftechtbild ist, welches mit ei-
nem Relaissystem (18) geformt wird, wobei das
Bild Bildpixel aufweist, die jeweils Bilder der Mo-
dulatorpixel sind;

Ubertragen des Zwischenbildes durch ein bre-
chendes Granulations- bzw. Speckle-Verringe-
rungselement (40), welches in oder im Wesent-
lichen in der Zwischenbildebene (21) angeord-
net ist, wobei das Speckle-Verringerungsele-
ment eine Mikrolinsenanordnung (44) aufweist,
die an einer Oberflache des brechenden Speck-
le-Verringerungselementes (40) ausgebildetiist,
wobei die Mikrolinsenanordnung (44) Mikrolin-
sen (41) aufweist, die jeweils eine Apertur ha-
ben, wobei eine Groke der Mikrolinsenanord-
nungen grolRer oder gleich einer GroRRe eines
Bildpixels des Zwischenbildes in der Zwischen-
bildebene (21) ist;

Bewegen des Speckle-Verringerungselemen-
tes mit einem Bewegungserzeugungssystem
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(49), wahrend das Zwischenbild durch das bre-
chende Speckle-Verringerungselement (40)
durchgelassen wird; und

Projizieren des Zwischenbildes, wie durch das
brechende Speckle-Verringerungselement (40)
durchgelassen, mit einem Projektionsuntersys-
tem (20).

Revendications

Systeme de projection de lumiére cohérente (10)
comprenant :

un systéme de source lumineuse cohérente
(16r, 16g, 16b) agencé au moins pour émettre
de la lumiére cohérente ;

un systéme de formation d’image comprenant
un ou plusieurs modulateurs de lumiere spa-
tiaux (12r, 12g, 12b), les modulateurs de lumiere
spatiaux comprenant des matrices bidimension-
nelles de pixels de modulateur adressables qui
modulent la lumiére cohérente incidente en
fonction des signaux de données d'image ;

un systéme de relais (18) agencé au moins pour
former une image intermédiaire au niveau d’'un
plan d’image intermédiaire (21) a partir de lu-
miéere cohérente fournie par le systéeme de for-
mation d'image (12r, 12g, 12b), 'image intermé-
diaire étant une image réelle aérienne compre-
nant des pixels d'image qui sont chacun des
images des pixels de modulateur ;

un élément de réduction de chatoiement réfrin-
gent (40) situé au niveau ou sensiblement au
niveau du plan d'image intermédiaire (21), I'élé-
ment de réduction de chatoiement réfringent
(40) comprenant un agencement de microlen-
tilles (44) formé sur une surface de I'élément de
réduction de chatoiement réfringent (40) ;

un systéme de génération de mouvement (49)
agencé au moins pour déplacer I'élément de ré-
duction de chatoiement réfringent (40) et orien-
terde lalumiére d’image de I'image intermédiai-
re pendant que I'image intermédiaire est trans-
férée a travers 'agencement de microlentilles
(44) de I'élément de réduction de chatoiement
réfringent (40) ; et

un sous-systéme de projection (20) agencé au
moins pour projeter la lumiére d'image orientée
de l'image intermédiaire, telle que transférée a
travers I'élément de réduction de chatoiement
réfringent (40) en mouvement, caractérisé en
ce que l'agencement de microlentilles com-
prend des microlentilles ayant chacune une cer-
taine ouverture, la taille des ouvertures des mi-
crolentilles étant supérieure ou égale a la taille
d’'un pixel d’'image de l'image intermédiaire au
niveau du plan d’'image intermédiaire (21).
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Systeme selon la revendication 1, dans lequel
'agencement de microlentilles (44) comprend une
distribution aléatoire ou sensiblement aléatoire de
microlentilles (41).

Systeme selon la revendication 1, dans lequel
'agencement de microlentilles (44) comprend entie-
rement ou presque entierement des microlentilles
jointives (41).

Systeme selon la revendication 1, dans lequel
'agencement de microlentilles (44) comprend entie-
rement ou presque entierement des microlentilles
non jointives ou distribuées de fagon clairsemée
(41), séparées par des intervalles (42).

Systeme selon la revendication 4, dans lequel la
taille des intervalles (42) est suffisamment grande
pour préserver sensiblement le contenu de phase
du front d’onde d’origine de la lumiére transitant a
travers I'élément de réduction de chatoiement réfrin-
gent (40).

Systeme selon la revendication 4, dans lequel la
taille des intervalles (42) est supérieure ou égale a
la taille d’'un pixel d'image de l'image intermédiaire
au niveau du plan d’'image intermédiaire (21).

Systeme selon la revendication 1, dans lequel
'agencement de microlentilles (44) est agencé au
moins pour laisser passer de I'énergie comprenant
la diffraction d’ordre zéro jusqu’ala diffraction d’ordre
quatre de I'image intermédiaire, telle que transférée
a travers I'élément de réduction de chatoiement ré-
fringent (40), dans une ouverture d’admission du
systéeme de projection (20).

Procédé pour projeter de la lumiére comprenant :

générer de la lumiére cohérente a partir d’'un
systeme de source lumineuse cohérente (16r,
169, 16b) ;

former une image a l'aide d’'un systéme de for-
mation d'image comprenant un ou plusieurs mo-
dulateurs de lumiére spatiaux (12r, 12g, 12b),
les modulateurs de lumiére spatiaux compre-
nant des matrices bidimensionnelles de pixels
de modulateur adressables qui modulent la lu-
miére cohérente incidente en fonction des si-
gnaux de données d’'image ;

former une image intermédiaire au niveau d’'un
plan d’image intermédiaire (21) au moins a partir
de lumiére cohérente fournie par le systéme de
formation d'image (12r, 12g, 12b), I'image inter-
médiaire étant une image réelle aérienne for-
mée al’aide d’'un systéme de relais (18), 'image
comprenant des pixels d’image qui sont chacun
des images des pixels de modulateur ;
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transférer 'image intermédiaire a travers un élé-
ment de réduction de chatoiement réfringent
(40) situé au niveau ou sensiblement au niveau
du plan d’'image intermédiaire (21), 'élément de
réduction de chatoiement comprenant un agen-
cement de microlentilles (44) formé sur une sur-
face de I'élément de réduction de chatoiement
réfringent (40), 'agencement de microlentilles
(44) comprenant des microlentilles (41) ayant
chacune une ouverture, la taille des ouvertures
des microlentilles étant supérieure ou égale a la
taille d’un pixel d’'image de I'image intermédiaire
au niveau du plan d’'image intermédiaire (21) ;

déplacer I'élément de réduction de chatoiement
a l'aide d'un systeme de génération de mouve-
ment (49) pendant que I'image intermédiaire est
transférée a travers I'élément de réduction de
chatoiement réfringent (40) ; et

projeter 'image intermédiaire, telle que transfé-
rée atravers I'élément de réduction de chatoie-
ment réfringent (40) a I'aide d’'un sous-systéme
de projection (20).
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